| BACKGROUND
Percutaneous caffeine intake would be a good strategy for evading any potential gastrointestinal irritation, as long as the issue of taste can be set aside; therefore, caffeine spray preparations have been made commercially available in recent years. Some have raised concerns regarding not only the psychostimulant action of caffeine by systemic exposure, but also the dermal-protective effect invoked by topical application. Absorption of pharmacologically active substances through the skin also has many advantages compared to oral administration; namely, substances can be applied to large areas at a time, and a relatively safe low peak concentration can be obtained due to slow but sustained absorption. First-pass metabolism can also be circumvented, and interindividual variability might be lower. [1] Research on percutaneous caffeine absorption has been conducted primarily using a diffusion cell system in porcine and human skins. [2] [3] [4] Mixtures of ethanol and water, or ethanol and propylene glycol, have been used as vehicles to prepare the caffeine solution. [5] Muhammad and Riviere studied the effects of non-toxic terpenes on the penetration levels of caffeine in porcine skin. Among them, terpinyl acetate (TA) improves the penetration level 10-fold, compared to the control group.
[2]
| QUESTIONS ADDRESSED
What are the absolute percutaneous bioavailability, the generation of primary metabolites (paraxanthine, theobromine, theophylline) of caffeine and the effect of TA on its pharmacokinetics in rats?
| EXPERIMENTAL DESIGN
Caffeine dissolved in sterilized water was intravenously administered at 1 mg/kg via the tail vein in 9-week-old Sprague Dawley rats. For percutaneous application, caffeine was dissolved in distilled water and in a 60% ethanol aqueous solution in both the presence and absence of TA (10%, v/v) at 1 mg/mL. In total, 120 μL of the substance, which is equivalent to 0.5 mg/kg of caffeine, was applied to the dorsal region of the rats after shaving off a 16 cm 2 (4×4 cm) section of fur.
Heparinized blood samples were taken serially up to 12 hours, and plasma concentrations of caffeine and its three primary metabolites were measured using HPLC-MS/MS system. [6] 
| RESULTS
Terpinyl acetate (0.1 mL) was dissolved in mixtures (0.9 mL) with different ratios of ethanol and water from 9:1 to 6:4, and a 60% ethanol aqueous solution was selected. The volume of the dose (120 μL) was based on the usage recommendations for a commercial caffeine spray preparation (4 puffs; ~30 μL for each puff), and the concentration of the spray was ~1 mg/mL.
As shown in Figure 1A , caffeine administered intravenously Table S1 ). While this value was comparable to percutaneous absorption in weaning pigs (12%), [7] the absolute percutaneous bioavailability was 3.5 times greater than the level from oral intake (4%) previously published by our group, [8] which may be attributable to the evasion of first-pass metabolism through the different administration route.
Terpinyl acetate facilitated the percutaneous absorption of caffeine significantly (P<.05); C max and AUC increased 2.4 and 1.4
times, respectively, and T max was shortened to 1.2 hour ( Figure 1B ).
The absolute bioavailability of caffeine increased to 19%. Figure 1C illustrates the fractional absorption of caffeine calculated by the Wagner-Nelson method in the presence and absence of TA following percutaneous administration. TA significantly increased the speed of caffeine absorption up to 4 hour (P<.01). The substance also may interact with ceramide, which is the main structure comprising stratum corneum, or the outer layer of the skin. In ceramide, fatty acids are linked with sphingosine back bone, and a 2-amino, 1, 3-diol head of sphingosine can hinder any substance with a hydrophilic residue from penetrating the skin by means of hydrogen bonding. [9] TA might disrupt the hydrogen bond between caffeine and ceramide, and consequently, percutaneous caffeine absorption could be significantly increased.
Horita et al. intensively examined the role of ethanol in structural modifications of stratum corneum. [9] The results revealed that ethanol modifies both the short lamellar structures, including the aqueous layer in intercellular lipids, and the structure of keratin fibrils in corneocytes, which can penetrate hydrophilic compounds such as caffeine.
While increasing portions of ethanol were not proportionally affected by the former structure, the keratin fibrils changed gradually. On the other hand, the long lamellar and hydrocarbon chain structures were not influenced by ethanol.
Time courses of plasma concentrations of three caffeine metabolites were significantly changed by TA (P<.05, Figure 2 ), which may result from the increase of caffeine absorption. On the other hand, less exposure of the three primary metabolites of caffeine to systemic circulation could also reflect this presumption; that is, the ratios of each metabolite AUC to caffeine AUC following oral (data were adapted from reference [8] ) and percutaneous administrations were 1.30 vs 0.28 for paraxanthine, 1.29 vs 0.15 for theobromine and 0.80 vs 0.20 for theophylline.
| CONCLUSIONS
Systemic absorption of caffeine and its biotransformation to primary metabolites was extensively examined following percutaneous application to the dorsal skin of rats. No absorption was observed when caffeine was dissolved in water. While the percutaneous absorption rate of caffeine dissolved in a 60% ethanol solution was a 3.5 times greater than oral absorption, the generation of three metabolites was remarkably reduced, which may be attributable to the evasion of firstpass metabolism by skin application. TA (10%) enhanced the percutaneous absorption of caffeine, and the metabolism of caffeine into three primary metabolites was increased accordingly. Further study is also needed to confirm the clinical significance and application of TA. Deficiency of histidine decarboxylase attenuates peripheral nerve fibre elongation into the epidermis in surfactant-treated mouse skin
| BACKGROUND
The repeated use of surfactant-containing toiletries or cosmetics often causes cutaneous sensory hypersensitivity reactions characterized by itching, stinging and burning on the skin and scalp. [1] However, a detailed understanding of the mechanisms underlying cutaneous sensory hypersensitivity induced by cosmetics remains unclear.
The density of epidermal nerve fibres is highly increased in several chronic skin diseases such as contact eczema, [2] atopic dermatitis [3] [4] [5] and xerosis, [4] [5] [6] suggesting that this increase leads to enhanced sensory sensitivity against several endogenous and exogenous stimuli in the skin. Our preliminary experiments have shown that repeated application of sodium dodecyl sulphate (SDS), an anionic surfactant found in many detergents, increases the density of epidermal nerve fibres in ICR mice.
Therefore, an increase in the density of epidermal nerve fibres may be involved in the surfactant-induced cutaneous sensory hypersensitivity.
| QUESTIONS ADDRESSED
The repeated SDS stimulates the expression of histidine decarboxylase (HDC), a key enzyme for histamine synthesis [7] leading to the release of histamine from keratinocytes, [8] which induces itch-related responses. Histamine regulates the expression of nerve growth factor (NGF) and semaphoring 3A (Sema3A), associated with nerve fibre elongation (s1). [9] This study uses surfactant-treated ICR mice, HDCknockout mice and the wild-type mice (s2) to investigate the role of epidermal histamine in nerve fibre elongation.
| EXPERIMENTAL DESIGN
Experimental procedures are detailed in Data S1. Briefly, male ICR mice, male and female HDC-knockout and wild-type C57BL/6 mice were used. SDS solution was applied topically to the shaved rostral back skin once daily for 4 days. In a part of the experiment, histamine was applied to primary cultures of dorsal root ganglia (DRG) neurons.
The elongation of peripheral nerve in the skin and the neurite outgrowth in DRG neurons were evaluated by the immunostain using a pan-axonal marker protein gene product 9.5 (PGP9.5) (s3).
| RESULTS
The density of neurons in the epidermis of mice treated repetitively with SDS was significantly increased, compared with the vehicle-treated skin in ICR mice ( Figure 1A ), wild-type and HDC-knockout mice ( Figure 1B ).
However, HDC deficiency and HDC inhibitor (L-histidine methyl ester dihydrochloride, HME) (s4) significantly decreased the density of neurons in epidermis, compared with the wild-type mice ( Figures 1B and S1 ).
Nerve growth factor is one of the mediators in the sprouting of epidermal nerve fibres (s5, s6), while, Sema3A is known as an axonguidance molecule that inhibits neurite outgrowth of sensory fibres (s7-s9). Repeated SDS exposure increased the expression of NGF and decreased that of Sema3A in epidermis of ICR, C57BL/6 and HDCknockout mice ( Figures S2 and S3) .
To determine the effect of histamine on neurite outgrowth, DRG neurons were used. The distribution of small (≤200 μm
